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Eleven monoclonal antibodies (MAbs) directed against the large (L) protein of human parainfluenza type 2 virus (hPIV-2)
were prepared to examine the interactions of the L protein with other viral proteins. Coimmunoprecipitation assays using
these MAbs revealed that the L protein directly interacted with the phospho- (P) and nucleocapsid (NP) proteins in vivo and
in vitro. Mutational analysis of the P or NP protein was performed to identify the region(s) on these proteins interacting with
L protein, indicating that amino acids 278–353 on the P protein and amino acids 403–494 on the NP protein are essential for
the binding to the L protein. © 2000 Academic PressINTRODUCTION
Human parainfluenza type 2 virus (hPIV-2) is one of the
major human respiratory pathogens and a member of the
genus Rubulavirus in the family Paramyxoviridae, non-
egmented and negative-stranded RNA viruses. Its RNA
enome is approximately 15 kb in length and, like other
aramyxoviruses, encodes seven structural proteins: the
ucleocapsid (NP), phospho- (P), V, matrix (M), hemag-
lutinin-neuraminidase (HN), fusion (F), and large (L)
roteins. The P and L proteins of paramyxoviruses are
ssociated with the nucleocapsid and function as the
NA-dependent RNA polymerase. Although the three
NA-associated proteins thus play important roles in the
eplication cycle of the virus, the functional domains that
articipate in the protein–protein interactions among
hese three polypeptides have yet to be defined com-
letely. In the case of Sendai virus, the formation of NP–P
nd P–L protein complexes is essential for nucleocapsid
NA replication, and the P and L RNA polymerase sub-
nits must be coexpressed in the same cell to form a
unctional polymerase (Horikami et al., 1992). The L pro-
ein alone is unable to bind to nucleocapsids, and its
inding to the polymerase complex occurs through a
–nucleocapsid interaction (Ryan and Portner, 1990;
orikami and Moyer, 1995).
In our previous studies, we isolated a large number of
onoclonal antibodies (MAbs) directed against the P or
P protein of hPIV-2 (Tsurudome et al., 1989), mapped
the epitopes recognized by these MAbs, and identified
the regions essential for NP–P, NP–NP, and P–P interac-
tions (Nishio et al., 1996, 1997, 1999a). However, as com-
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 181-59-231-5008. E-mail: nishio@doc.medic.mie-u.ac.jp.
241pared with information about the functional domains on
the P and NP proteins, there is less known about the
structure–function relationships of the L protein. One of
the reasons is that no MAb directed against the L protein
of hPIV-2 is available. Here, for the first time, we have
prepared anti-hPIV-2 L protein MAbs, which were ob-
tained by immunizing mice with the bacterially ex-
pressed polypeptide representing the N-terminus of the
hPIV-2 L protein. By Western blot assay using these
MAbs, we have shown that the L protein directly inter-
acts with the P and NP proteins in vivo and in vitro.
Furthermore, mutational analysis of the P or NP protein
was performed to identify the region of the P or NP
protein interacting with the L protein.
RESULTS
Production of MAbs specific for hPIV-2 L
To obtain MAbs specific for the L protein, a polypep-
tide corresponding to the L protein N-terminal 374 amino
acids was expressed in Escherichia coli BL21 (DE3),
purified, and used as the immunogen. Hybridomas were
screened for their secreting antibody by ELISA using the
plates that were coated with the bacterially expressed
protein. Eleven hybridoma clones secreting antibodies
that specifically reacted with the N-terminal polypeptide
were obtained. The specificities of the L-specific MAbs
were confirmed by Western blotting. Figure 1A shows the
reactivity of MAbs L10-6, L60-2, and L70-6, three of the
eleven MAbs, with purified SV41 (Fig. 1A, lane 1) or
hPIV-2 (Fig. 1A, lane 2) virions. The MAbs reacted exclu-
sively with hPIV-2 L polypeptide of approximately 220K,
but did not react with the L protein of SV41.
Using the MAbs obtained in this study, we investigated
the distribution of the L protein in hPIV-2-infected cells. Vero
0042-6822/00 $35.00
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242 NISHIO ET AL.cells were infected with hPIV-2, fixed at 18 h postinfection
(p.i.) and then double-immunostained with anti-L MAb L10-6
and anti-P MAb 61-2A or anti-NP MAb 20A. These MAbs
showed negative staining on uninfected control cells [Fig.
1B(a)–(c)]. The L protein showed diffuse staining pattern
FIG. 1. Reactivity of MAbs in Western blot assay and immunofluor
subjected to 9% LDS–PAGE. The proteins were transferred to a nitroc
molecular weight markers. (B) Vero cells were infected with hPIV-2 at
10% paraformaldehyde for 15 min and permeabilized with 0.05% Triton
(h), (i)] and anti-P MAb (61-2A) [green: (a), (d), (f)] or anti-NP MAb (20A)
FITC-conjugated anti-mouse IgG1 goat serum and rhodamine-conjugathroughout the cytoplasm and formed fewer granules [Fig.
1B(e) and (h)] than did the P or NP protein [Fig. 1B(d) or (g)].However, some of the L protein colocalized with the P or NP
protein [Fig. 1B(f) or (i)].
Interaction between the L and P proteins
To examine the direct interaction between the L and P
staining. (A) Purified SV41 (lane 1) and hPIV-2 (lane 2) virions were
membrane and probed with MAbs L10-6, L60-2, and L70-6. Lane 3,
f 5. After 18 h, the infected cells and uninfected cells were fixed with
n PBS. The cells were treated with anti-L MAb (L10-6) [red: (c), (e), (f),
: (b), (g), (i)]. After being washed with PBS, the cells were treated with
i-mouse IgG2a goat serum.escent
ellulose
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243L–P AND L–NP INTERACTIONS OF hPIV-2VVT7 and transfected with both the plasmid encoding L
(pCR-L) and the plasmid encoding P (pCR-P). The cell
lysates were immunoprecipitated with anti-L MAbs (mix-
ture of L70-6 and L60-2) or anti-P MAbs (mixture of 85A
and 335A), and then the immunoprecipitates were ana-
lyzed by the Western blot assay. As shown in Fig. 2A(a),
the P–L complex is detected in the immunoprecipitates
obtained with either anti-P or anti-L antibodies [Fig.
2A(a), lanes 1 and 2]. When the L and P proteins were
synthesized separately and cell extracts were then
mixed, the P–L complexes formed [Fig. 2A(b), lanes 5
and 6]. These coimmunoprecipitations were the result of
specific precipitation of either the P or L protein, because
under the same precipitation conditions, the anti-L anti-
bodies did not precipitate the P protein in the absence of
the L protein [Fig. 2A(b), lane 1]; similarly, the anti-P
antibodies did not precipitate the L protein in the ab-
sence of the P protein [Fig. 2A(b), lane 4]. Furthermore,
we tested whether such complex could be formed in a
mixture of the L protein expressed in HeLa-CD41 cells
nd purified P protein expressed in the E. coli. Neither
nti-P nor anti-L MAbs immunoprecipitated P–L complex
Fig. 2A(c), lanes 5 and 6], though the recombinantly
xpressed P protein was well reacted with anti-P MAbs
Fig. 2A(c), lane 2].
To identify domains on the P protein required for bind-
ng to the L protein, we used a set of plasmids encoding
eleted P proteins [Fig. 2B(a)]. Each deleted P protein or
he L protein was synthesized separately in HeLa-CD41
cells and cell extracts were then mixed. The ability to
form complexes was tested in coimmunoprecipitation
assays with anti-P MAb, 85A, or anti-L MAb, L70-6 [Fig.
2B(b) and (c)]. The complex PDC39–L was detected in the
immunoprecipitates obtained with either anti-P or anti-L
antibody [Fig. 2B(b), lanes 5 and 6], but complex PDC118–L
ould not be detected [Fig. 2B(c), lanes 3 and 4]. To
urther identify the domain essential for P–L complex, the
protein and the internally deleted P protein were tested
Fig. 2B(d)]. Although the internally deleted protein
D272–353 was clearly expressed in transfected cells [Fig.
2B(d), lane 2], complex PD272–353–L was not precipitated by
either anti-P or anti-L MAbs [Fig. 2B(d), lanes 3 and 4].
These results suggest that region of amino acids 278–
353 of the P protein is critical for interaction with the L
protein.
Interaction between the L and NP proteins
Likewise, to examine the direct interaction between
the L and NP proteins, HeLa-CD41, cells were infected
ith VVT7 and transfected with both the plasmids en-
oding L (pCR-L) and NP (pCR-NP). The cell lysates were
mmunoprecipitated with anti-L MAbs (mixture L70-6 and
60-2) or anti-NP MAbs (mixture of 20A and 159-1), andhen the immunoprecipitates were analyzed by the West-
rn blot assay. As shown in Fig. 3A(a), the NP–L complexas detected in the immunoprecipitates obtained with
ither anti-NP or anti-L antibodies [Fig. 3A(a), lanes 1 and
]. To test whether such complex could be detected in a
ixture of the lysates of cells separately transfected with
P or L plasmid, such mixtures were immunoprecipi-
ated with anti-NP MAbs or anti-L MAbs. As shown in Fig.
A(b) (lanes 5 and 6), the NP–L complex is formed.
urthermore, we tested whether such complex could be
ormed in a mixture of the L protein expressed in HeLa-
D41 cells and purified NP protein expressed in E. coli.
The mixture was immunoprecipitated with anti-NP MAbs
or anti-L MAbs. Either anti-NP or anti-L MAbs immuno-
precipitated both the NP and L proteins as a complex
[Fig. 3A(c), lanes 5 and 6].
To identify domains on the NP protein required for
binding to the L protein, we used plasmids encoding the
carboxy-terminally truncated NP proteins [Fig. 3B(a)].
Each NP protein or the L protein was synthesized sep-
arately in HeLa-CD41 cells and the cell extracts were
then mixed. Subsequently, we tested their ability to form
complexes with the L protein by coimmunoprecipitation
assays with anti-NP MAb, 20A, or anti-L MAb, L70-6 [Fig.
3B(b) and (c)]. As shown in Fig. 3B(b), complex NPDC50–L
as detected in the immunoprecipitates obtained with
ither anti-NP or anti-L antibody [Fig. 3B(b), lanes 5 and
], but complex NPDC143–L cannot be detected [Fig. 3B(c),
lanes 3 and 4], indicating that the region of amino acids
403–494 of the NP protein is critical for interaction with
the L protein.
DISCUSSION
The L–P complex formation has been described for
other negative-strand RNA viruses, including Sendai vi-
rus (Horikami et al., 1992; Smallwood et al., 1994), mea-
sles virus (Horikami et al., 1994), SV5 (Parks, 1994), VSV
(Canter and Perrault, 1996), and rabies virus (Chenik et
al., 1998). However, recent reports suggest an important
difference in the properties of the P–L polymerase com-
plex of paramyxoviruses and rabdoviruses. Coexpres-
sion of the P and L proteins in the same cell was
necessary for the L–P complex formation in Sendai virus
(Horikami et al., 1992; Smallwood et al., 1994) and mea-
sles virus (Horikami et al., 1994), but not for that in VSV
(Canter and Perrault, 1996) and rabies virus (Chenik et
al., 1998). Sendai virus and measles virus L proteins are
unstable unless they are coexpressed with the P pro-
teins (Horikami et al., 1994; Smallwood et al., 1994). On
the other hand, the VSV and rabies virus L proteins can
be stably expressed in the absence of the P proteins
(Horikami et al., 1992, 1994; Smallwood et al., 1994;
Canter and Perrault, 1996; Chenik et al., 1998). In the
present study, we have shown that the P and L proteins
of hPIV-2 could interact with each other in the absence of
other virus proteins in vivo and in vitro by using MAbs
specific for the L protein.
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244 NISHIO ET AL.FIG. 2. Analysis of interactions between the L and P proteins by Western blot assay. (A) (a) VVT7-infected HeLa-CD41 cells were cotransfected with the
lasmids encoding the full-length P and L proteins. The cell lysates were immunoprecipitated with anti-L MAbs (mixture of L70-6 and L60-2) (lane 1), anti-P
Abs (mixture of 85A and 335A) (lane 2), or anti-NP MAbs (mixture of 20A and 159-1) (lane 3). (b) VVT7-infected HeLa-CD41 cells were transfected with the
plasmid encoding the P or L protein. The extracts obtained from the cells transfected with the P (lanes 1 and 2) or L (lanes 3 and 4) plasmid and a mixture
of these cell extracts (lanes 5 and 6) were immunoprecipitated with anti-L (lanes 1, 3, and 5) or anti-P MAbs (lanes 2, 4, and 6). (c) VVT7-infected HeLa-CD41
cells were transfected with the plasmid encoding the protein. The bacterially expressed P protein (E-P) (1 mg) (lanes 1 and 2), the extracts of cells transfected
with the L plasmid (lanes 3 and 4), and a mixture of the E-P (1 mg) and the extract (lanes 5 and 6) were immunoprecipitated with anti-L (lanes 1, 3, and 5)
r anti-P (lanes 2, 4, and 6) MAbs. (B) (a) Schematic representation of the deletion mutants of the P protein and summary of the binding data. Thick lines
epresent the protein products of each deleted P gene with amino acid positions indicated. Angled lines indicate deleted regions. The construction of
lasmids encoding the deleted P proteins is described under Materials and Methods. (b) VVT7-infected HeLa-CD41 cells were transfected with the plasmid
encoding the L or PDC39 protein. The extracts of cells transfected with the L (lanes 1 and 2) or PDC39 (lanes 3 and 4) plasmid, and a mixture of extracts obtained
from cells separately transfected with the L and PDC39 plasmids (lanes 5 and 6) were immunoprecipitated with anti-L (lanes 1, 3, and 5) or anti-P (lanes 2,
4, and 6) MAbs. (c) VVT7-infected HeLa-CD41 cells were transfected with the plasmid encoding the L or PDC118 protein. The extracts of cells transfected with
DC118 plasmid (lanes 1 and 2) and a mixture of the extracts of cells separately transfected with the L and PDC118 plasmids (lanes 3 and 4) were
1immunoprecipitated with anti-L (lanes 1 and 3) or anti-P (lanes 2 and 4) MAbs. (d) VVT7-infected HeLa-CD4 cells were transfected with the plasmid
encoding the L or PD272–353 protein. The extracts of cells transfected with PD272–353 plasmid (lanes 1 and 2) and a mixture of the extracts of cells separately
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245L–P AND L–NP INTERACTIONS OF hPIV-2By using deletion mutants, we have identified a
domain on the P protein that is essential for P–L
complex formation. The data from these experiments
and our previous studies (Nishio et al., 1996, 1997,
1999a) are summarized in Fig. 4. The essential domain
for binding to the L protein is located in the carboxy-
terminal portion of the P protein, that is, between the
transfected with the L and PD272–353 plasmids (lanes 3 and 4) were immu
FIG. 3. Analysis of interactions between the L and NP proteins by W
with plasmids encoding the full-length NP and L proteins. The cell lysa
(lane 1), anti-NP MAbs (mixture of 20A and 159-1) (lane 2), or anti-P MAb
ransfected with the plasmid encoding the NP or L protein. The extracts
) plasmid, and a mixture of the extracts of cells separately transfecte
nti-L (lanes 1, 3, and 5) or anti-NP (lanes 2, 4, and 6) MAbs. (c) VVT7-
protein. At 2 days after transfection, the cell extracts were prepared. Th
f cells transfected with the L plasmid (lanes 3 and 4), and a mixture
with anti-L (lanes 1, 3, and 5) or anti-NP (lanes 2, 4, and 6) MAbs. (B) (a
binding data. Thick lines represent the protein products of each truncate
regions. The construction of plasmids encoding the truncated NP prote
cells were transfected with the plasmid encoding the L or NPDC50 prote
2) or L (lanes 3 and 4) plasmid, and a mixture of extracts of cells s
immunoprecipitated with anti-L (lanes 1, 3, and 5) or anti-NP (lanes 2, 4
lasmid encoding the L or NPDC143 protein. The extracts of cells transf
separately transfected with the L and NPDC143 plasmids (lanes 3 and 4)
4) MAbs. The precipitates were separated by LDS–PAGE and electrob
immunostained with MAbs 20A and L70-6. Stars indicate the positionsrecipitates were separated by LDS–PAGE and electroblotted onto PVDF tran
ith MAbs 85A and L70-6. Stars indicate the positions of immunoglobulin hedomain involved in the P-trimerization and the domain
essential for binding to the NP protein. A similar situ-
ation exists in the Sendai virus P protein (Smallwood
et al., 1994; Curran et al., 1995). Accordingly, the hPIV-2
protein that shares the N-terminal 164 amino acids
ith the hPIV-2 P protein, but has a unique C-terminus,
oes not bind to the hPIV-2 L protein (unpublished
ipitated with anti-L (lanes 1 and 3) or anti-P (lanes 2 and 4) MAbs. The
blot assay. (A) (a) VVT7-infected HeLa-CD41 cells were cotransfected
re immunoprecipitated with anti-L MAbs (mixture of L70-6 and L60-2)
ure of 85A and 335A) (lane 3). (b) VVT7-infected HeLa-CD41 cells were
ed from cells transfected with the NP (lanes 1 and 2) or L (lanes 3 and
the NP and L plasmids (lanes 5 and 6) were immunoprecipitated with
d HeLa-CD41 cells were transfected with the plasmid encoding the L
rially expressed NP protein (E-NP) (1 mg) (lanes 1 and 2), the extracts
-NP (1 mg) and the extract (lanes 5 and 6) were immunoprecipitated
atic representation of the truncated NP proteins and summary of the
ene with amino acid positions indicated. Angled lines indicate deleted
escribed under Materials and Methods. (b) VVT7-infected HeLa-CD41
extracts obtained from cells transfected with the NPDC50 (lanes 1 and
ly transfected with the L and NPDC50 plasmids (lanes 5 and 6) were
) MAbs. (c) VVT7-infected HeLa-CD41 cells were transfected with the
ith NPDC143 plasmid (lanes 1 and 2) and a mixture of extracts of cells
mmunoprecipitated with anti-L (lanes 1 and 3) or anti-NP (lanes 2 and
onto PVDF transfer membranes. Subsequently, the membranes were
unoglobulin heavy chain.noprecestern
tes we
s (mixt
obtain
d with
infecte
e bacte
of the E
) Schem
d NP g
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in. The
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ected w
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246 NISHIO ET AL.observation). Furthermore, we have demonstrated for
the first time that the hPIV-2 protein could form a
complex with the NP protein in the absence of other
viral proteins in vivo and in vitro. The region of amino
cids 403–494 of the NP protein is essential for the
nteraction with the L protein. The NP protein synthe-
ized in the bacterial expression system could also
orm a complex with the L protein. In contrast, the
acterially expressed P protein can form a complex
ith the NP protein but not with the L protein. These
esults suggest that phosphorylation of the NP protein
s not essential for formation of the NP–L and NP–P
omplexes, while phosphorylation of the P protein is
equired for formation of the P–L complex. However,
urther studies that use the authentic phosphorylated
r unphosphorylated P protein will be necessary to
stablish a definitive conclusion. We have demon-
trated for the first time that the L protein interacts
irectly with the NP protein. However, at the present
ime, the function of the NP–L complex is unclear.
urther experiments will be required to elucidate
hese relationships and the molecular functions of the
omplex.
MATERIALS AND METHODS
lasmid construction
Construction of wild-type L, P, and NP genes. A cDNA
lone of the hPIV-2 L, P, or NP gene was inserted into the
lasmid expression vector pCR-XL-TOPO (Invitrogen,
FIG. 4. A schematic model of domains on the P and NP proteins
f hPIV-2 that are involved in various protein–protein interactions.
he domains identified from this and previous works (Nishio et al.,
1996, 1997, 1999a) are indicated. Amino acid (aa) residues 1–46 on
the P/V common region are required for binding to the aa 403–494
region of the NP protein. Residues 357–395 on the C-terminal
domain of P protein are required for binding to the aa 295–402
region on the NP protein. Residues 211–248 on the P protein are
required for its trimerization. Residues 278–353 on the P protein are
required for binding to the L protein. N-terminal region (aa 1–294) of
the NP protein is required for self-assembly. Residues 403–494 on
the NP protein are also required for the binding to the L protein. The
P protein is fused in place at residue 164 by an RNA-editing mech-
anism (insertion of two Gs).arlsbad, CA) downstream of the T7 promoter to obtain
lasmids pCR-L, pCR-P, or pCR-NP, respectively, or theacterial expression vector pCAL-n-EK (Stratagene, La
olla, CA) to obtain plasmids pCAL-P or pCAL-NP, re-
pectively.
Construction of deleted P or NP genes. The P deletion
utants pCR-PDC39, pCR-PD118, and pCR-PD272–357 were gen-
rated by PCR amplification using the pPDC39, pPDC118, and
pPD272–357, respectively, as templates as described previ-
ously (Nishio et al., 1996, 1997). The NP deletion mutants
pCR-NPDC50 and pCR-NPDC143 were also generated by
CR amplification using the pNPDC50 and pNPDc143, re-
spectively, as templates as described previously (Nishio
et al., 1999a).
Construction of the deleted L gene. The mutant gene
encoding amino acids 1–374 of the L protein was cloned
into the bacterial expression vector pCAL-n-EK to obtain
plasmid pCAL-L1–374.
Purification of recombinantly expressed protein
The plasmid pCAL-P, pCAL-NP, or pCAL-L1–374, which
as inserted into the bacterial expression vector
CAL-n-EK, was transferred to Escherichia coli BL 21
DE3) and the expression was induced by the addition
f 1 mM IPTG (isopropyl-b-D-thiogalactopyranoside).
he proteins were expressed as fusion proteins with
almodulin-binding peptide (CBP), and purified as de-
cribed previously (Nishio et al., 1999b). The purified
usion proteins were cleaved with the site-specific
rotease EK to remove the CBP tag according to the
anufacturer’s instructions.
ransfection
HeLa-CD41 cells (six-well tissue-culture dish) were
infected with VVT7 for 1 h at 37°C. The cells were then
transfected with various plasmids (3 mg each) by using
uGENE 6 transfection reagent (Roche).
mmunoprecipitation and Western blot assay
After 2 days of transfection, cell extracts were pre-
ared with 150 ml lysis buffer (150 mM NaCl, 50 mM
ris–HCl, pH 7.5, 0.6% NP40) containing 4 mM phenyl-
ethylsulfonyl fluoride (PMSF). The samples (150 ml)
were incubated with MAbs and protein A–Sepharose for
3 h, and the bound proteins were analyzed by 9% LDS
(lithium dodecyl sulfate)–PAGE. Electrophoretic transfer
of virus polypeptides from gels onto PVDF transfer mem-
branes was carried out as described previously (Nishio
et al., 1996). After washing with PBS, a portion of the
membranes to which the P, NP, or mutants protein was
transferred were immersed in the methanol–PBS (2:8)
containing 4-chloro-1-naphthol (0.3%) and hydrogen per-
oxide (0.009%), and those to which the L protein was
transferred were immersed in ECL Western blotting de-
tection reagents (Amersham Pharmacia Biotech, Piscat-
away, NJ).
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